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ABSTRACT   
 Waste Stabilization Ponds (WSPs) are a good alternative for providing sanitation services to developing rural communities because although they require relatively large areas of land, they are relatively inexpensive to construct and maintain. Beyond removal of chemical contaminants, they are exposed to solar irradiation which can enable the inactivation of viruses that are hazardous to human health. However, this sunlight disinfection is an unintentional byproduct of traditional WSP design, and consequently virus concentrations are not always reduced to sufficient levels. With the aim of improving virus inactivation in waters under sunlight, researchers have performed experiments to understand the mechanism of inactivation. The ultimate engineering objective of these lines of research is to develop a deep enough understanding of solar irradiation-induced virus inactivation to design a system to reliably leverage this process. To achieve this, however, a predictive model is needed. There have been attempts at modeling a subset of mechanisms of virus inactivation in natural waters and wastewaters but none have addressed exogenous inactivation, which has been demonstrated to be a key contributor to inactivation. To address this critical gap, the objective of this thesis is to begin the development of such a model to predict exogenous inactivation based on irradiation conditions of the water and concentrations of known reactive species (RS) for the pathogens human rotavirus (HRV), bacteriophage MS2, and porcine rotavirus (PRV).    Assembled here are data from eight recent experimental studies which have been used to both calibrate a simple model and elucidate the dependence of inactivation on irradiance wavelength. First, with one data set, the only available study of its kind, it was possible to determine the wavelength dependence of singlet oxygen, an RS for MS2, HRV, and PRV inactivation. A significantly higher efficiency of singlet oxygen production was observed when smaller wavelengths within the UVA region are absorbed (~2x increase from 400nm to 315nm). This suggests that any predictive model of virus inactivation must include quantitative distinctions of inactivation rate between wavelengths. Second, the correlations between key mechanism parameters between several studies were assessed. This analysis demonstrated that variability between water samples from one study to another are great enough that the use of only one parameter, such as the concentration of one RS type or total number of absorbed photons, is insufficient for a universal prediction method. In light of this observation, a simple model incorporating all known RS was established and calibrated for MS2. For this system, three coefficients were determined–one each for the RS singlet oxygen (1O), hydroxyl radical (OH), and triplet-excited dissolved organic matter (3DOM)–which indicate the relative contributions of each RS. The average coefficient values found were in the ratios of 1 : 163 : -190 (1O : OH : 3DOM). This may allude to the quenching effect of triplet-excited DOM on hydroxyl radical. The uncertainty in coefficients results in inactivation rate prediction uncertainty, but the latter must be weighed against the uncertainties in other environmental conditions. The variability in conditions also affecting inactivation such as cloud cover and temperature must be accounted for and ultimately included in a predictive model used for aiding WSP design and operation. More experiments measuring all involved parameters are warranted. 
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CHAPTER 1 
 
INTRODUCTION   Waste stabilization ponds (WSP) are a low cost and low energy technology for wastewater treatment, consisting of ponds built below the	  earth’s	  surface	  from	  1.2	  meters	  to	  2.5	  meters deep without any mechanical mixing or aeration (1). They consist of single ponds or systems of several ponds in series in order to increase pathogen and nutrient removal. There are more than 7,000 WSPs in operation today in the United States and have been in practice for over 90 years (2).  They can provide a sanitation solution for rural communities, which may be able to the land footprint required of WSPs, and they may be a good sanitation solution for developing communities. Since WSPs are designed as open-systems, the contained wastewater is exposed to sunlight for long periods of time. (Typical hydraulic retention times range from 5 to 20 days, depending on climate and the number of ponds which are in a system (3)). For this reason, many pathogens found in wastewater are disinfected by ultraviolet (UV) solar irradiation (4). With a significant portion of the globe is exposed to high UV radiation (5; 6), solar irradiation is an accessible disinfection method in many regions of the world.  While solar disinfection is an efficient treatment for many pathogens, it is known that viruses are less reliably disinfected in WSP systems (7), yet disinfection of viral pathogens is an important step for human and environmental health in wastewater treatment.  There are three commonly studied viral pathogens: human rotavirus (HRV), procine rotavirus (PRV) and bacteriophage MS2 (MS2). Human rotavirus (HRV) is one such waterborne viral pathogen that is found in human fecal matter and has been shown to be the agent most commonly causing diarrheal and other diseases (8; 9). It is also the leading cause of diarrheal dehydration in children (10). HRV has been found in wastewater influent and effluent (11; 12) and are found to survive conventional wastewater treatment including secondary effluent treatment and even conventional disinfection (13). It is a particularly burdensome health risk in poorer communities where medical care and food access is lacking, both of which would help those inflicted recover from HRV infection. Porcine rotavirus (PRV) is a strain of rotavirus that can originate from porcine feces. It is an enteric pathogen that can inflict livestock, causing economic losses to rural communities, and it is also associated with human infections as well (14). Thus it is a pathogen that puts at risk any community, but particularly those in the proximity of pig livestock. Bacteriophage MS2 (MS2) is selected as the subject of many studies since it has long been used as a surrogate for human enteric viruses due to their structural similarities (15; 16). The investigation of solar disinfection mechanisms of the three viruses HRV, PRV, and MS2 is warranted by their presence in wastewaters and the associated health risks.  WSPs are inherently simple in design, but the solar disinfection process is complex in wastewaters; the process is not well elucidated, and there is a lack of quantitative models. However, several experiments have elucidated the basic mechanisms of disinfection. It is known from experiments that pathogen inactivation occurs through three different mechanisms which are the direct endogenous, indirect 
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endogenous, and exogenous processes (4). In the direct endogenous mechanism, the pathogen directly absorbs light that damages the RNA beyond ability for the virus to replicate itself. In the indirect endogenous mechanism, some part of the virus surface absorbs light and forms an intermediate that then lethally reacts with another component of itself. In the exogenous mechanism, radiation is absorbed by photosensitizers such as natural organic matter (NOM) in the water which upon absorbing radiation form a reactive species (RS) that damages viruses. While experiments have elucidated the three mechanisms of virus inactivation by sunlight a great deal, the ultimate engineering objective is to understand the virus inactivation mechanism enough to design a WSP system that reliably leverages solar inactivation to ensure virus removal. For this objective, a model based on measureable environmental input parameters that can quantitatively predict the inactivation of viruses is needed. A model that incorporates these mechanisms in predicting an inactivation rate based on designable parameters would aid the design and operation of WSPs.   In traditional chemical disinfection scenarios such as those using ozone, chlorine, or hydrogen peroxide, the simple first-order reaction rate model has been used to describe the dynamics of pathogen removal (17):                                                        ௗேௗ௧ = −𝑘𝑁  
N is the concentration of pathogen, t is time, and k is a decay rate constant. This model treats the pathogen as a molecular species as it does the chemical disinfectant. Most virus inactivation experiments assume this first-order model and report the associated rate constant, k. If one could predict k based on environmental parameters, one could estimate the time of solar irradiance exposure needed to reach sufficient levels of virus removal.  Most empirical and mechanistic models that exist for photocatalytic pathogen disinfection in water are of bacteria, but one well-validated mechanistic model for viruses exists. Fisher et al. (18) developed a model for predicting the endogenous inactivation of MS2 in clear water. It consists of an action spectrum which are sensitivity coefficients dependent on wavelength, which can then be multiplied wavelength-wise by incident irradiance and summed to predict a pathogen inactivation rate. Nguyen et al. (19) tested the accuracy of the Fisher action spectra in predicting endogenous inactivation rates in non-clear waters. They found that the predicted rates using the action spectrum matched the experimental value when samples without photosensitizers (but subjected to light attenuation by non-clear water) are exposed to natural sunlight (19). The Fisher action spectrum includes values for the wavelength range of 280 nm to 496 nm. While the exogenous inactivation is dependent upon wavelengths in the UVA range (315 nm to 400 nm) (20), the Fisher action spectrum was created based on data from experiments in clear waters (i.e., waters not containing photosensitizers), thus it is limited to predicting inactivation rates by the endogenous mechanism. The exogenous mechanism must be included in predictions of total rate of inactivation in non-clear waters since this mechanism can contribute significantly to virus inactivation, (20; 21). It will particularly play a significant role at greater depths because UVA-visible light which the exogenous mechanism relies on can 
 (1) 
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penetrate deeper into turbid waters than can UVB light (22), which is the wavelength range that the endogenous mechanism relies on. This means it would be useful to the virus inactivation modeling efforts to develop a model that estimates the exogenous mechanism's contribution to inactivation. While there have been efforts towards predicting the exogenous mechanism inactivation, they are limited to correlations between inactivation rate and various experimental parameters such as concentration of a particular RS or of dissolved organic matter (DOM), temperature, or spectral properties. Current predictions employ only single parameters at a time and are limited to the particular conditions of the experiment for which the correlations are made, thus there is much room for improvement of exogenous inactivation of viruses. 
 This thesis describes the development of a model that is pseudo-mechanistic (i.e., based on optical theory and empirical evidence) to predict exogenous inactivation based on irradiation conditions and concentrations of known RS for the pathogens named above. A compilation of data from eight recent experimental studies was used to both quantitatively elucidate the dependence of inactivation on wavelengths of irradiance and to calibrate a simple model. This is a definitive step towards a predictive model that can aid the improvement of WSP design and maintenance for virus removal.  
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CHAPTER 2 
 
LITERATURE REVIEW 
 
2.1 Virus inactivation mechanisms and the state of inactivation modeling  As mentioned in the introduction, there are three known inactivation mechanisms: direct endogenous, indirect endogenous, and exogenous. In the direct endogenous mechanism, the pathogen directly absorbs light that damages its RNA so that the pathogen is rendered inactive. In the indirect endogenous mechanism, the virus surface absorbs light and forms a reactive intermediate that then reacts with a pathogen component thus incurring damage to itself. These endogenous mechanisms are known to be primarily fueled by radiation in the UVB region (280 nm to 315 nm) (4). The exogenous mechanism occurs when radiation is absorbed by photosensitizers in wastewater and surface waters such as NOM. These photosensitizers form reactive species (RS) upon absorbing radiation, and these RS can then damage viruses they encounter. It has been found that a wide range of UV and visible light radiation can induce exogenous inactivation (4), however, for some pathways of exogenous inactivation, UVA and visible light have dominating importance (20).  In general, indirect photoinactivation has been found to depend on the dissolved oxygen concentration (23), pH (24), salinity (25), and wavelength of light (26). However, pH has been seen not to effect the inactivation of RNA phages over a range of 6.5 to 10 (16; 26). (All studies included in this work were within this pH range.) Since most data sets employed in this study are of freshwater or wastewater samples, salinity is likely not an important factor. Some of the more significant factors in general are temperature and wavelength of light (27). For PRV and MS2 exogenous inactivation in particular, varying kinetics are seen within the temperature range relevant to WSPs (14°C to 50°C) (20). This is why consistent temperature across compared studies is important for meaningful comparisons and why wavelength dependence may be crucial for a universal inactivation model.   Many mathematical models have been suggested to describe radiation disinfection of pathogens (not specific to viruses) in water. One study (28) uses the equation  
                  y = 1 – (1 - e-kx1)x2                            (2)  where y is the percent of contaminated wells in an experiment, x1 is the sunlight exposure value, x2 is the average numbers of cells per well and k is the solar inactivation constant in m2/kJ. This was however not applied to virus disinfection but instead to Escherichia coli disinfection, and it does not capture the wavelength dependent nature of virus inactivation by sunlight. A recent study (29) proposes a kinetic model of disinfection using UVC radiation (200 nm to 280 nm), however the model pathogen was again E. coli, and the empirical parameters are UVC specific. These two models are examples of currently available disinfection models; most models available are not wavelength dependent, and are not specific to water-borne pathogens.  
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 One wavelength-dependent model does exist (18), albeit only for the exogenous mechanism. Its approach is described here since, although its approach was not applied to our exogenous inactivation study, the model was incorporated into preliminary work conducted as part of this thesis. This model, developed by Fisher et al. (18), consists of an action spectrum for MS2 solar inactivation based on a rigorous empirical fit to experimental data of MS2 inactivation in clear water. The action spectrum is a collection of inactivation coefficients α for each wavelength between 280 nm and 496nm, which multiply the incident irradiance values at each wavelength. The inactivation rate k for the endogenous mechanism is then the sum of these products:  
                                                 k = Σ I(λ)* α(λ)                                           (3)  The coefficients were determined using a calibration experiment that was conducted in clear water (i.e., water with no photosensitizers) and under a sunlight simulator lamp. This model was applied to other data sets (that were also determined under a sunlight simulator and in clear water control samples) employed in this study, and the predictions, which are plotted in Figure 1, are accurate from 13% error to 205% error.  
 
Figure 1 – Predictions of endogenous inactivation rate by the Fisher model (18) for three data sets compared to the respective experimental rates. A) Kohn & Nelson, 2007, B) Romero, 2011 and C) Silverman, 2013. This data analysis was performed within this thesis work.   A follow-up study (19) found that the Fisher model makes accurate predictions for endogenous inactivation when light attenuation occurs in the water column, that is, when the endogenous inactivation is under turbid water conditions and also when water samples are exposed to natural sunlight as opposed to simulated sunlight in the laboratory. However, no such empirical model for predicting the exogenous inactivation mechanism for MS2 (or other water-borne viruses) exists.  
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While exogenous inactivation is experimentally shown to be wavelength dependent at least on the scale of the several hundred nm which separate the UV light categories (UVC, UVB, UVA), this thesis study included as a first modeling attempt to investigate inactivation rate dependence on total irradiance without any distinction of wavelength. It follows the example of Craggs et al. (30), which used the simple first-order decay rate model for E. coli disinfection:  
              dC/dt = -k(t)C                             (4)   where C(t) is the concentration of the pathogen, and k(t) is the inactivation rate. For their model, they assumed that the rate k(t) is the superposition of the dark inactivation rate kdark and the light-dependent inactivation rate, klight:  
      k(t) = kdark + klight(t)                                        (5)  with klight(t) expressed as  
                                                                                           klight(t) =  ks G(t)                                          (6)  where ks is a rate constant and G(t) is the total solar irradiance incident on the surface (so k(t) = kd + ks G(t)). In this thesis work, a first-order decay rate is also assumed; however the inactivation rate k(t) is taken to be time-independent:   
      dC/dt = -kC                                        (7)   That is, for simplicity it is assumed that the irradiation conditions (and any other environmental conditions affecting inactivation) remain constant. All experimental studies included in this thesis work make the same assumption.  A simple expression is assumed for combining dark, exogenous, and endogenous activation:  
             k = kdark + kendo + kexo                        (8)  where kdark, kendo , and kexo are the inactivation rates associated with the dark, endogenous, and exogenous inactivation processes, respectively, where dark inactivation is associated with uncatalyzed natural decay of viruses. Eq.	  8	  is	  similar	  to	  Cragg’s	  form	  (eq.	  5)	  except	  that	  the	  rate associated with light-facilitated decay is separated into the two light mechanisms, endogenous and exogenous. Several experiments with the model pathogens HRV and MS2 in natural water samples or natural water isolates have exhibited no dark inactivation in the experimental time frame, which was on the order of hours (20; 31; 32). Therefore, kdark 
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was assumed to be zero for all computations. kendo was computed using the Fisher model (eq. 3), and kexo was 
assumed	  to	  take	  a	  form	  similar	  to	  Cragg’s	  in	  eq.	  6:  
                                                     kexo = K * ?̇?        (9)  
K is an inactivation rate constant akin	  to	  Craggs	  et	  al.’s	  ks parameter and is multiplied by an irradiance factor of absorbed photon flux ?̇? which is akin	  to	  Craggs	  et	  al.’s	  G(t) parameter. The absorbed photon flux ?̇? is the total across the entire measured spectrum (280 nm to 600 nm), and is calculated using the Beer-Lambert law for homogenous solutions with a known absorbance spectrum.  Model eq. 9 was applied to several validation data sets {(#s in Table 2)} and was proved invalid. The comparison of model eq. 9 predictions to experimental values is shown in Figure 2. Among several data sets of MS2 experiments in natural waters or natural water isolates, there was no such constant parameter K. One reason for this may be that not all absorbed photons will participate in inactivation because 1) a photon may not be absorbed by a compound involved in radical production, and 2) even if it is absorbed by a radical precursor, the radical subsequently produced may not encounter a pathogen before it decays back to its non-reactive state. This implies the limitation in predicting inactivation based only on the absorbed irradiance of a sample, and suggests that a more complex model is required for increased accuracy of prediction.  
 
Figure 2 - Predictions of inactivation on MS2 studies using the Craggs model (30). Predictions are averages of predictions made by calibrations of inactivation rate constant K by several data sets. Error bars are the standard deviations of the predictions. Predictions made by this model are not aligned with experimental data, therefore there does not exist a universal K value (in eq. 9). This data analysis was performed within this thesis work using the MATLAB script presented in Appendix A.2 Script 1. 
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 The extent of exogenous mechanism modeling reaches only as far as the presentation of correlations between relevant parameters with inactivation rates. One such correlation is inactivation rate with Specific UV Absorbance (SUVA). NOM found in wastewater and natural waters contains complex mixtures of aromatic compounds, whose aromatic components are the initial light receivers in several pathways of radical production. Therefore, it has been hypothesized that the aromaticity of a water sample can indicate its radical productivity. SUVA is defined as the absorbance of UV light at a particular wavelength normalized to dissolved organic carbon (DOC) concentration:     
                                        SUVA = Absorbance/[DOC]                                (10) 
 One study has shown that SUVA values at 254 nm wavelength (henceforth referred to as SUVA) is strongly correlated with percent aromaticity (33), and SUVA has been shown to have a strong correlation with the inactivation rate of natural water samples (31). In a study by Romero et al. (32), a strong correlation between HRV inactivation rate and SUVA values was shown to exist for data collected from experiments using natural water isolates. This suggests that SUVA values could be indicative of the photoreactivity of water towards HRV inactivation. However, SUVA alone cannot predict inactivation rate, since while correlations can be found between SUVA and various experimental parameters, the correlations are quantitatively not the same. See Figure 3 for SUVA correlations for two studies. The fact that the slopes of the linear correlations all differ indicates that SUVA alone cannot consistently predict inactivation for different water sources.   
 
Figure 3 – SUVA correlations with inactivation rates for two studies: Southwest United States (SWUS) WSP samples tested with HRV, and Natural water isolates (NWI) tested with HRV (32). SWUS WSP samples (circles) were collected 
within	  this	  thesis	  work	  and	  analyzed	  by	  students	  in	  Dr.	  Helen	  Nguyen’s	  research	  laboratory	  at	  the	  University	  of	  Illinois	  at	  Urbana-Champaign. 
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 Other reported correlations involve RS concentrations and inactivation rates. Romero et al. found a strong correlation (R2 = 0.92) between HRV inactivation rates and phenol decay rates, the latter of which is assumed to be directly proportional to hydroxyl radical concentration, suggesting that hydroxyl radicals may be the predominant HRV-inactivating radical (32). Many studies report such correlations, however, the proportionality constant between these two parameters is not constant across studies as illustrated in Figure 4. The variance (controlled or random) in experimental conditions likely explains the inconsistency in the quantitative relations between correlated parameters. For example, a hypothetical higher triplet-excited DOM concentration could explain the overall greater inactivation rates in the SWUS samples over the NWI samples in Figure 4,  since HRV is also inactivated by triplet-excited DOM. For any given virus, several pathways (described in the following Section 2.2) of inactivation exist, therefore, no single correlation could accurately 
predict	  the	  virus’	  inactivation. 
 
Figure 4 – Correlations between the probe for hydroxyl radical and HRV inactivation rate for two studies: Southwest United States (SWUS) WSP samples tested with HRV, and Natural water isolates (NWI) tested with HRV (32). High correlations exist only for independent studies, not their combined data. SWUS WSP samples (circles) were collected 
within	  this	  thesis	  work	  and	  analyzed	  by	  students	  in	  Dr.	  Helen	  Nguyen’s	  research	  laboratory	  at	  the	  University	  of	  Illinois	  at	  Urbana-Champaign.  
 
2.2 The known exogenous inactivation mechanisms and their associated radicals  There have been several exogenous inactivation pathways identified for HRV, PRV, and MS2. These are summarized and illustrated in Figure 5. The radicals that are known to contribute to the inactivation of these pathogens include hydroxyl radical, singlet oxygen, and triplet-excited states of DOM.  Hydroxyl radical is shown to inactivate HRV (20) and PRV (21), singlet oxygen is shown to inactivate MS2 (20) and PRV (16; 21; 31; 34), and triplet excited states of DOM is hypothesized to inactivate HRV (32), PRV (21), and MS2 (31). 
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Figure 5 – Exogenous inactivation pathways for MS2 (A, B, and D), HRV (A, B, C, D, and E), and PRV (B, C, and D).  The precursor to triplet-excited DOM is DOM, and it is a nebulous species in the system, identified simply as complex organic matter. Triplet-excited states of DOM are thought to directly inactivate pathogens, and it plays a role in the inactivation pathways of other radicals. In hydroxyl radical production, DOM excited states will transfer energy to hydroxyl radicals, but non-excited DOM will quench hydroxyl radicals; it is a net sink rather than a net source for hydroxyl radicals (34). In singlet oxygen production, it plays the critical role of transferring energy to triplet-state oxygen which produces singlet oxygen. Thus, DOM plays a three-fold role in virus inactivation.   Singlet oxygen is produced by the excitation of elemental dissolved oxygen (DO) by triplet-excited DOM (35) as mentioned previously. First, a DOM compound absorbs radiation so that it enters an excited state. This excitation is then transferred to dissolved oxygen, forming singlet oxygen. In this thesis work DO concentration was assumed not to be a limiting factor in singlet oxygen production since the latter was found not to vary in the range of 1 mg/L to 14 mg/L (16) which likely contains the DO concentrations of the experimental studies included in this thesis work.  The hydroxyl radical has known inorganic pathways of production, but the organic pathways are not yet fully understood. However, it has been experimentally demonstrated that organic matter produces hydroxyl radical (20). Additionally it is known that nitrates also produce hydroxyl radical under UV radiation, specifically under wavelengths of less than 290 nm (37; 38), but nitrate and nitrite have absorbance peaks at 302 nm and 352 nm respectively (36) so these UVB and UVA wavelengths may also play a significant role in hydroxyl radical production.  HRV, PRV, and MS2 have several pathways of inactivation. Consider the MS2 system. In Rosado et al. study (31), the inactivation rate constant for MS2 versus the singlet oxygen concentration was plotted for two 
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sets of data. The first set consists of DOM isolates of 20 mg C/L and the second set consists of natural water samples of around 3 mg C/L. Each data set had a high R2 value for a linear correlation between singlet oxygen concentration and inactivation rate (0.86 and 0.95, respectively), but had very different slope values (7.09 and 95.94, respectively). This means that the singlet oxygen concentration alone is not a good indicator for 
kMS2. Therefore the steady-state singlet oxygen must be dependent on other experimental conditions which are consistent within a data set but differ between the two. Rosado et al. (31) also observed a significant contribution (~30%) to MS2 inactivation by hydroxyl radical along with other studies (40-42), and also found triplet-excited DOM to inactivate MS2. However, most studies do not report MS2 inactivation rate contribution by hydroxyl radical but rather focus on a subset of RS.  For example, most MS2 studies do not report triplet-excited DOM concentrations. The same holds for HRV and PRV studies, in that only a subset of involved RS is quantitatively analyzed. A data issue for modeling purposes is thus that not all studies include 
the	  measurement	  of	  all	  radicals	  involved	  in	  a	  certain	  pathogen’s	  inactivation, rendering it not possible to compare studies. Table 1 illustrates the gaps in the meta-data collection available to this study. Only one study each for MS2 and HRV has measured all of the radicals involved. Therefore, it is possible at least to calibrate a model for MS2 and HRV, although it is not possible to validate the model against a second study. In this thesis, a model for MS2 is calibrated with the available data, and that it cannot be validated is a limitation to the thesis, but the analysis still elucidates aspects necessary to any predictive exogenous model, as it will be shown later.  
Study Sample 
types 
Likely radicals 
produced 
Radicals 
measured 
Sufficient for 
pathogen 
Pathogens 
tested 
Kadir & Nelson, 2014 WSP 3DOM, 1O, OH 1O, OH None E. coli, E. faecalis 
Silverman et al., 2013 NW 3DOM, 1O, OH 1O None MS2 
Romero et al., 2011 NWI 3DOM, 1O, OH 1O, OH None HRV, MS2 
Kohn et al., 2007  3DOM, 1O, OH 1O None MS2 
Romero et al., in preparation WSP 3DOM, 1O, OH 1O, OH None HRV, PRV 
Rosado et al., 2013 NWI 3DOM, 1O, OH 3DOM, 1O, OH MS2,PRV MS2 
Romero et al., 2013 NWI 3DOM, 1O, OH 3DOM, OH HRV HRV 
Kohn & Nelson, 2007 WSP 3DOM, 1O, OH 1O, OH None MS2 
Table 1 - MS2 is inactivated by triplet-excited DOM (3DOM), singlet oxygen (1O), and hydroxyl radical (OH). HRV is inactivated 
by triplet-excited DOM, and hydroxyl radical. PRV appears to be inactivated primarily by singlet oxygen and also hydroxyl 
radical, based on recent unpublished experiments by Romero et al. (21).   In summary, the exogenous inactivation mechanisms of viruses are wavelength-dependent, and several pathways exist for each of the viruses. These two observations motivated the analyses and model development described in the following chapters. First, an analysis of wavelength-dependent singlet oxygen production was performed based on one available data set. Second, a simple predictive model to determine the relative contributions of three RS to inactivation of MS2 was developed and analyzed by uncertainty analysis. It is with the complexity of the system for any of the viruses, HRV, PRV, and MS2 in mind that this study was carried forward.  
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CHAPTER 3 
 
METHODOLOGY  
3.1 Inclusion criteria for studies  In this thesis work, eight studies were collected based on certain criteria for model development and analysis. The inclusion criteria are 1) either HRV, PRV, or MS2 were tested, 2) the water temperature during experiment was between 20°C and 30°C,  3) the water samples tested were either wastewater, natural water samples, or natural water isolates, 4) experiments were conducted with solar simulator lamps or under sunlight, 5) first-order inactivation pathogen decay kinetics were assumed and reported, and 6) steady-state concentrations of some subset of RS hydroxyl, singlet oxygen, and triplet-excited DOM were measured.  One exception was made for Kadir & Nelson (37), which tested bacteria over viruses, since the analysis of this study did not require this criterion to be met. See Table 2 for a description of all included studies.   
3.2 Kinetic and photochemical assumptions 
 Assumptions regarding any occurring endogenous or dark inactivation are the following. The decay rates kdark of the dark control experiments were statistically not different from zero, and so were assumed to be zero in all calculations. (Significant dark decay occurs for experiments run with temperatures greater than 40°C, but this is out of the range of studies included here.) The endogenous inactivation rate values kendo for the buffer sample experiments were non-zero, indicating that even with the placement of a UVB filter (used by all studies so that incident light on samples is primarily in the UVA and visible range), there was endogenous inactivation likely occurring in the non-clear water samples. Since in the exogenous inactivation studies it is not possible to prevent endogenous inactivation to occur, the observed inactivation rate is corrected for endogenous inactivation by subtracting the inactivation rate yielded by buffer control samples:  
              kexo = kobserved - kendo,    with kendo = kbuffer                                 (11)   Some spectrometry assumptions were made in model computations. The light absorbed directly by the viruses is assumed not to interfere with the exogenous inactivation process. This assumption was justified by the following procedure. The absorbance of the virus stock solutions were measured for Romero et al. (32). These stock solutions are ~100x more concentrated than the initial virus concentrations of all experimental samples, so the absorbance by viruses in samples was calculated using Beer's Law, which says that the absorbance of a solution is proportional to the concentration of the solute in solution, meaning the absorbance reading of the virus at 100x concentration is divided by 100 to obtain the absorbance of a virus solution at the experimental initial concentration. It was found, however, that the absorbance attributed to virus concentration was several orders of magnitude smaller in comparison to the absorbance by the water 
samples	  themselves,	  and	  hence	  are	  considered	  negligible	  to	  the	  overall	  water	  system’s	  absorbing	  properties. 
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For the sake of applying the Beer-Lambert law, it was assumed that light rays from sunlight and any solar simulator are parallel and perpendicular to the water's surface, although light incident on a WSP surface is generally neither parallel nor perpendicular to the surface due to scattering in the atmosphere. Finally, the water is assumed to be homogenous so that the attenuation coefficient is the same for all points in the water and so that the temperature of the water sample is non-variant throughout the sample. 
 
3.3 Derivation of photons absorbed 
 The absorbed photon flux ?̇? for each sample is computed using the Beer-Lambert Law. First the absorbed irradiance spectrum is computed based on the incident irradiance and sample absorbance spectrum, and then the resulting absorbed irradiance is converted to photons by the quantum mechanical energy associated with photons of a given length. By Beer-Lambert, the absorbed irradiance of wavelength 𝜆 at a given depth 𝑙 in a water column is given by  
                                                                                                                                      𝐼௔௕௦(𝜆, 𝑙) = 𝐼௜௡௖௜ௗ௘௡௧(𝜆) − 𝐼௧௥௔௡௦௠௜௧௧௘ௗ(𝜆, 𝑙)                 (12)  
                                                                                                                                      𝐼௧௥௔௡௦௠௜௧௧௘ௗ(𝜆, 𝑙) =    𝐼௜௡௖௜ௗ௘௡௧(𝜆) ∗ 10ି௔(ఒ)௟                    (13)  The absorbed irradiance is averaged over the depth of the water column of total depth L:   
                                                                                                                                    𝐼௔௕௦,௔௩௚(𝜆) =
ଵ
௅ ∫ 𝐼௔௕௦(𝜆, 𝑙)  𝑑𝑙
௅
଴                                          (14)                                                                                                                    = 𝐼௜௡௖௜ௗ௘௡௧(𝜆) ቀ1 − (ଵିଵ଴ି௔(ఒ)௅)௅  ௔(ఒ)  ୪୬  (ଵ଴) ቁ                 (15)  Then, the depth-averaged absorbed irradiance is converted into depth-averaged absorbed photons:  
                                                                                                                                                                          ?̇?(𝜆) = 𝐼௔௕௦,௔௩௚(𝜆) ∗
ఒ
௛௖                                    (16)  The total number of photons absorbed for any given range of wavelengths can be computed by summing over all wavelengths in the given range:  
                                                                                                                                                                                      ?̇? = ∑ ?̇?ఒ೘ೌೣఒ೘೔೙ (𝜆)                                          (17) MATLAB scripts were written to perform these calculations and can be found in the Appendix, A.2 Scripts 2 and 3. 
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3.4 Optimization method with uncertainty 
 Model calibration (see Section 4.3) was performed using a data set for exogenous MS2 inactivation with reported uncertainty. Therefore, an uncertainty analysis was incorporated into the model calibration. The Monte Carlo method is employed simultaneously with the optimization of model coefficients. In the Monte Carlo simulation method, input parameters for a given calculation are assigned probability distributions. For one simulation, the input parameters are chosen at random from the respective distributions and the calculation is carried forth. A large number of simulations are performed this way so that the input parameters chosen are representative of the probabilities assigned to the given parameter. The output of each calculation is saved and all together form a probability distribution of the output value. This distribution is used to represent output uncertainty propagated from the uncertainty of inputs.   
 The data and associated uncertainties in the calibration data set are shown in Table 3. There were inconsistencies in reported error values; some values have 95% confidence intervals reported, some have standard deviations, and some have no reported error. The lack of consistent error reports detract from the rigor of analysis, but for the first estimation of uncertainty in model outputs, the 95% confidence intervals are used as standard deviations in the case that no standard deviation is reported. All data points are assumed to follow a normal distribution.  The software employed to perform the optimization and the Monte Carlo simulations was Microsoft Excel Crystal Ball. The optimization module within Crystal Ball is OptQuest. Optimizations were run with a random seed (a random initial guess for coefficients) and 5,000 iterations, and 60 Monte Carlo simulations were performed.    
Sample  kMS2,exo (1/h) Hydroxyl radical conc. (M) Singlet oxygen conc. (M) Triplet-excited 
DOM conc. (M) 
SWRHPO 0.716±0.177 3.41±0.60 (*10-16) 9.00±4.10 (*10-14) Not reported 
EfOMHPO 0.534±0.029 5.43±1.60 (*10-16) 7.21±2.57 (*10-14) Not reported 
BRHPO 1.048±0.056 3.62±0.73 (*10-16) 0.18±7.11 (*10-14) Not reported 
LRHPO 0.676±0.118 4.35±1.00 (*10-16) 9.51±1.75 (*10-14) Not reported 
EfOMTPI 0.001±0.118 3.20±1.83 (*10-16) 4.30±0.02 (*10-14) Not reported 
MBRHPO 0.075±0.026 3.57±1.20 (*10-16) 4.97±0.01 (*10-14) Not reported 
Table 3 – Calibration data set from Rosado et al. (31). All samples are natural water isolates: hydrophobic fraction from 
Suwannee River NOM (SWRHPO), hydrophobic fraction from effluent OM (EfOMHPO), hydrophobic fraction from Blavet NOM 
(BRHPO), hydrophobic fraction from Loire NOM (LRHPO), transphilic fraction from effluent OM (EfOMTPI), and hydrophobic 
fraction from MBR supernatant (MBRHPO).    In addition to determining model coefficient distributions, a Monte Carlo analysis was performed in MATLAB with these coefficient distributions to determine uncertainty in resulting model predictions for exogenous MS2 inactivation rate. This analysis consisted of 10,000 simulations, much more than that of the model coefficients because the speed of calculations for the Monte Carlo analysis combined with optimization is much slower. The MATLAB script written to perform this analysis can be found in Appendix A.2, Script 4.   
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CHAPTER 4 
 
RESULTS  
4.1 Wavelength dependence of RS production  Wavelength dependence of RS production, namely of singlet oxygen production, was investigated to develop a model that can predict RS production based on spectral data.  One study (37) investigated RS production in a WSP sample to elucidate wavelength dependence at a resolution smaller than UVA or UVB range. The experiment consisted of standard inactivation experiments using different filters for the radiation lamp to which the sample was exposed, thereby incrementally removing wavelengths to which the sample was exposed in the UVA and upper UVB range. The group measured inactivation rates of E. coli and steady-state bulk singlet oxygen concentrations for each filter experiment. The irradiance spectra for each of the 
filter	  experiments	  and	  the	  experimental	  pond	  sample’s absorbance spectrum are shown in Figure 6, and the associated measured singlet oxygen concentrations are shown in Figure 7. 
 
 
Figure 6 – The pond sample absorbance spectrum and incident irradiance spectra of the six filter experiments performed by Kadir and Nelson (37). The figure is adapted from Kadir and Nelson. Wavelengths identifying the filters correspond to the wavelength at which 50% of the initial irradiation intensity is blocked.   For each of the filter experiments, the absorbed photon flux at each wavelength was calculated using the method described in Section 3.3. Next, the absorbed photon flux spectrum of each filter experiment was subtracted from the adjacent filter experiment (e.g., the flux of the 420 nm filter experiment was subtracted from the 400 nm filter experiment, and the flux of the flux of the 400 nm filter experiment was subtracted 
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from the flux of the 370 nm filter experiment, etc.). These subtractions, represented in Figure 8, are the additional photons that were absorbed in one experiment and not the other. For each, there is a distinct peak at a certain wavelength. The wavelength at which the peak difference occurs is assigned as producing the increased amount of singlet oxygen concentration from one filter experiment to the next. For example, the difference in singlet oxygen concentration between the 420nm filter experiment and the 400nm filter experiment is ~0.04*10-13 M, and thus this much singlet oxygen is assumed to be produced by the photons absorbed at the peak wavelength of ~410nm.  In this manner, quantitative wavelength dependence of the singlet oxygen production in WSP water is developed. An efficiency of singlet oxygen production at each of the five peak wavelengths is computed and plotted in Figure 9. The efficiency of singlet oxygen production is plotted in Figure 9 as singlet oxygen concentration per absorbed Watts per cm2 and per 1027 absorbed photons per cm2 per second. The fact that a constant value is not seen for the efficiency in absorbed watts across all wavelengths illustrates the fact that the process is indeed dependent on the wavelength of the energy absorbed, since if the process is operative on only the amount of energy (Joules) absorbed, one would find a constant efficiency value across wavelengths. Figure 9 shows that singlet oxygen production is wavelength dependent on the scale of tens of nanometers, and that more singlet oxygen is produced per photon absorbed at smaller wavelengths in the UVA range.  
  
Figure 7 – Figure reproduced from Kadir and Nelson (37). The singlet oxygen concentration measurements and inactivation rates of E. coli in the pond sample and phosphate buffer solution (PBS) employed in the study. See Appendix A.1 for analysis with the above E. coli data.  
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Figure 8 - This figure illustrates the singlet oxygen concentration attributed to the additional photons absorbed from a higher filter experiment to the adjacent filter experiment. The singlet oxygen concentrations reported here are attributed to the wavelength at which the maximum number of photons was additionally absorbed between two adjacent filter experiments. Error bars are one standard deviation.  
 
Figure 9 – The efficiency of singlet oxygen production in moles produced per photon absorbed (per area per time) compared to the same efficiency in moles produced per Watt absorbed. The two trends are similar implying that singlet oxygen production is not only dependent on magnitude of energy absorbed but on the wavelength at which energy is absorbed.  
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 A non-linear trend was fitted to these data (plotted in Figure 10) to develop a model equation for the efficiency of singlet oxygen production per absorbed photon flux. The error bars represent the only quantified errors, which are of the singlet oxygen concentration measurements, although the true error in the efficiency curve values may be high since it is the result of a propagation of four random variable errors: absorbance measurement, incident irradiance measurement, singlet oxygen concentration of filter experiment A, and singlet oxygen concentration of filter experiment B where B is the experiment with filter adjacent to that of A. The non-linear fit is an exponential decay (R2 = 0.94), however, a power fit (y = 2*1030x-12.1) was also plotted with the data and had a similar R2 value as the exponential decay: R2 = 0.89. Both non-linear regression fits show that singlet oxygen is more efficiently produced by photons absorbed at a lower wavelength in the UVA region. This is motivation for including wavelength-dependence in a predictive model for virus inactivation is wastewater under sunlight. Since RS concentration is correlated with virus inactivation rate, it is important to be able to predict RS concentration, and the current results indicate that RS concentration predictions may require distinction between irradiance absorbed at different wavelengths. 
 
Figure 10 – The efficiency spectrum of singlet oxygen production (y = 1.66*105 e -0.037x, R2 = 0.94) with y: Per photon-singlet oxygen production and x: Wavelength). Notice that significantly more efficient production of singlet oxygen occurs at smaller wavelengths in the UVA range. This implies that singlet oxygen production is a wavelength dependent process, and any singlet oxygen inactivation predictions from irradiance data must distinguish activity at different wavelengths. Error bars are one standard deviation of singlet oxygen concentration measurements.       
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4.2 Prediction of singlet oxygen production  Since it is assumed that within the experimental systems, singlet oxygen production is not limited by the amount of its precursors DO and DOM due to ample quantity, for any given sample within certain environmental conditions (e.g., with temperatures ~20°C), the measured singlet oxygen concentration will be dependent only on the number of photons absorbed by the system. The DO assumption is validated by one study which found that for a WSP sample sparged with nitrogen gas or air, or not sparged, the DO varied between <1mg/L to 14 mg/L, but that the singlet oxygen concentration was not significantly different within a 95% confidence interval (16). While DO was not measured in most available data sets, it is assumed that since all experiments were done without any sparging and most experimental samples were WSP waters or natural waters isolates, DO concentration would not affect singlet oxygen concentration. The assumption that DOM is not a limiting reagent is to be validated by experiment. To test this hypothesis, the efficiency curve shown in Figure 10 was applied to five other data sets to predict singlet oxygen concentration. Predicted and measured values are plotted below in Figure 11. Note that all of the predictions except for the SWUS WSP samples are greater than the measured values. Note also that all of these over-predicted data sets are of natural water isolates or surface waters rather than of WSPs. (The Rosado et al. study (31) was conducted at a higher temperature, 40°C, than others, which were at around 25°C. This temperature difference may affect the singlet oxygen concentration, since it has been shown that it would affect MS2 inactivation rate (20).) The data set used to produce the efficiency curve is of WSP water, and so it is perhaps because the SWUS samples were also of WSP samples that they were most accurately predicted, that is, perhaps because the water composition is most similar between these two data sets that the accuracy is greatest for the former.  This indicates that water composition (e.g., NOM composition or inorganics composition) may be an important factor for predicting RS production. The other data sets may be over-predicted because all of the absorbed photons for each sample are counted towards production of singlet oxygen when not all absorbed photons follow the pathway to producing singlet oxygen. This implies that  more photons are counted than what actually contribute to singlet oxygen production. Many of these photons may follow different radical production pathways such as the hydroxyl radical production pathway, or the triplet-excited DOM pathway. This hypothesis motivated by the observation that all NWI samples had over-predicted RS concentration provides another reason to explore a model that incorporates multiple radicals in its prediction method.  
 21 
 
Figure 11 – Steady-state singlet oxygen measured in experiment compared to predictions made by the efficiency curve. Notice that the most accurate predictions were made for the SWUS WSP sample (black crosses). This may be because the efficiency curve was calibrated by data also from a WSP sample and thus its water composition is more similar than with the other data sets which are of natural water isolates (NWI). This indicates the presence of confounding parameters related to water composition. Error bars are one standard deviation. Measurements are from five studies (31; 21; 38; 15; 20).  
 
4.3 Calibration of a three-species model for MS2  Due to the over-predictions of the singlet oxygen in plot above (which may indicate that many absorbed photons were involved in the production of other RS), and because many studies have reported that hydroxyl radical and triplet-excited DOM contribute to inactivation of MS2 (31), a multiple-regression model that predicts exogenous inactivation rate kMS2,exo based on the concentrations of all three species, hydroxyl radical, triplet-excited DOM, and singlet oxygen was evaluated. It was assumed there exists three	  “efficiency	  
of	  inactivation”	  coefficients	  a, b, and c such that  
                                  kMS2,exo = a[OH] + b[1O] + c[3DOM]                         (18)  where  [OH], [1O], and[3DOM] are the concentrations of the RS hydroxyl radical, singlet oxygen, and triplet-excited DOM, respectively. With the available data set (31) that reports all three concentrations and MS2 inactivation rates, the coefficient values a, b, and c which minimize the error in the predictions for kMS2,exo were found. The error is taken to be the root mean square error of the six data point predictions: 
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                                                                𝐸𝑟𝑟𝑜𝑟 =   ට(𝑘ெௌଶ,௘௫௢,௣௥௘ௗ௜௖௧௘ௗ − 𝑘ெௌଶ,௘௫௢,௠௘௔௦௨௥௘ௗ)ଶ         (19)  Eq. 19 was taken to be the objective function in the optimization coefficient. It must be noted that the calibration data set was collected at 40°C, which is outside of the temperature range of the inclusion criteria (20°C to 30°C), however, it is the only available study which measured the concentrations of all three radicals involved in MS2 production. Since there are no data sets available for validation, the calibration was performed as a way to explore the relative contributions of the three radicals.  The optimization can be visualized as finding the intersection of several planes through the coefficient space, (a,b,c) which is pictured in Figure 12. Each sample in the calibration data set consists of four data: inactivation rate and three radical concentrations (kMS2,exo , [OH], [1O], [3DOM] ). These act as the factors in eq. 18 which, with a, b, and c as variables of a three-dimensional space, form the equation of a plane. Each sample represents the equation of a plane, and the optimized coefficients are found at their intersection. There is, however, uncertainty associated with where in the coefficient space these planes lie due to the uncertainties in the four factors, kMS2,exo, [OH], [1O], and [3DOM] . Therefore, a Monte Carlo simulation is performed in conjunction with the optimization of coefficients to determine probability distributions of the optimized coefficients.  
 
 
Figure 12 – The optimization finds the best intersection point of these planes each representing the model equation in the coefficient space for one of the calibration data points. Notice eq. X above is the equation of a plane with a, b, and c as variables composing a three-dimensional space. 
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Figure 13 – MS2 inactivation model coefficients with uncertainties for all three coefficients [A], a (hydroxyl radical) and  
c (triplet-excited DOM) [B], and b (singlet oxygen) [C] which arise from the calibration data uncertainties in kMS2, singlet oxygen concentration, and hydroxyl radical concentration. Averages and standard deviations for the three coefficients are 
a = 877 ± 1098, b = 5.37 ± 2.79 and c = -1020 ± 985.4 (units of *1012 h-1/M). Singlet oxygen coefficient is reported with certainty while others are more uncertain. Large apparent hydroxyl radical contribution to inactivation is balanced by the large negative triplet-excited DOM contribution, which may allude to the multi-fold interactions between hydroxyl radical, triplet-excited DOM, and their respective probes. 
 24 
 Figure 13 shows notable trends in the model coefficients a, b, and c and their uncertainties. First, in comparison with coefficients a and c, the singlet oxygen coefficient b is defined with most certainty. This may be attributed to the fact that 1) singlet oxygen probe FFA is more reliable than the probe for the other two species, and so the calibration data for singlet oxygen concentration is most accurate or 2) independent of other factors, singlet oxygen concentration showed a high correlation with experimentally observed kMS2 values. Second, the hydroxyl radical coefficient is a large positive number (mean value of 877*1012 h-1/M) indicating a large relative contribution to the MS2 system, but the coefficient of triplet-excited DOM c is most probably negative (mean value of -1020*1012 h-1/M) and thus effectively counterbalances the hydroxyl radical contribution.  This may be explained by the fact that the presence of triplet-excited DOM implies quenching of hydroxyl radical, which means that if hydroxyl radical has a higher relative contribution to inactivation, the presence of triplet-excited DOM may indicate a net loss of pathogen inactivation by triplet-excited DOM. However, MS2 is also inactivated significantly by singlet oxygen, and triplet-excited DOM is a photosensitizer for singlet oxygen. This intuitively suggests that a greater triplet-excited DOM concentration lends to greater singlet oxygen concentration, so one might expect a negative triplet-excited DOM concentration of lesser magnitude than was found. However, in the calibration data set, no correlation between the two concentrations is found (R2 = 0.22) as seen in Figure 14, and thus not captured in the model coefficients. Proposed explanations for this unexpected result are 1) the range of triplet-excited DOM and singlet oxygen concentrations may be too small to see a true correlation, and 2) triplet-excited DOM measurements here were made using sorbic acid, which reportedly detects only the triplet-excited DOM that have a minimum required energy (19) meaning that the reported triplet-excited DOM concentrations may be underestimates.   
 
Figure 14 – Correlation between steady-state singlet oxygen concentration and triplet-excited DOM concentration for the Rosado study (31). Error bars for singlet oxygen concentrations are too small to be visible, and error values for triplet-excited DOM are not reported.  
 25 
 
Figure 15 – Monte Carlo analysis distributions of predicted kMS2,exo based on coefficient uncertainties and a test set of concentrations for hydroxyl radical (2*10-16 M) and singlet oxygen (2.7*10-13 M) from the Romero et al., 2011 SRNOM sample (20), and varied estimates of triplet-excited DOM concentrations. From lowest to highest [3DOM], the mean predicted kMS2,exo values are 1.12 h-1, 0.50 h-1, and -0.41 h-1. The experimentally observed kMS2,exo = 0.62 indicates that the true triplet-excited DOM concentration may be ~1.1*10-15 M, which is a value taken from another SRNOM sample of a different data set.   To understand the propagation of uncertainty in model coefficients into uncertainty of kMS2,exo predictions, a second Monte Carlo analysis was performed by assuming test values for hydroxyl radical, singlet oxygen, and triplet-excited DOM concentrations and applying coefficient values randomly sampled from their respective distributions to compute kMS2,exo values for many simulations. The test values for hydroxyl radical and singlet oxygen concentrations were taken from the SRNOM 20 mgC/L sample from Romero et al., 2011 (20). This study did not report triplet-excited DOM concentrations, so as stand-in values, the concentration reported by Romero et al., 2013 (32) for the same NWI sample (SRNOM, 20mgC/L) was taken and varied by a factor of 2 and 0.5. Each of the three resulting triplet-excited DOM concentrations were assumed for one Monte Carlo analysis (with fixed hydroxyl radical and singlet oxygen concentrations mentioned above), and the results are presented in Figure 15. The mean kMS2,exo prediction made using the reported triplet-excited DOM concentration borrowed from Romero et al., 2013 was closest to the observed value reported by Romero et al., 2011. This indicates that the likely concentration of triplet-excited DOM in the Romero et al., 2011 sample was similar to that of Romero et al, 2013. This is highly probable since both studies were conducted with the same solar simulator, same NWI type, and same protocol for measuring triplet-excited DOM. Although the kMS2,exo prediction has a certain amount of uncertainty, the observed kMS2,exo 
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is well within one standard deviation from the mean prediction. While this is not a rigorous validation of the model, it suggests possible validity within certain limits of environmental variability such as water type, temperature, irradiation conditions, etc. As a model validation check, the relative contributions of hydroxyl and singlet oxygen to inactivation were computed using the mean values of coefficients and compared in Figure 16 with relative contributions estimated by quenching experiments for four of the six samples in the Rosado et al. (31) data set. The end points of each horizontal bar represent the smaller and larger value reported by the quenching experiments (31). Only two values for each quenching experiment are reported. The predictions do not fall into the range 
of	  Rosado’s	  fraction	  contributions	  ranges.	  Error	  of	  measurements	  are	  not	  reported	  and	  thus	  not	  included	  here. The lack of agreement between model predictions and experimental predictions of fraction contribution of RS to MS2 inactivation may be due to inadequate model structure, uncertainty in model calibration, or confounding factors in quenching experiments such as interference with quenching reaction by other species present in a given water sample.  
 
Figure 16 – Comparison of quenching experiments (31) to MS2 model of relative contributions of RS to inactivation. The two methods of determining relative contribution do not agree. Although quenching experiments use chemicals which have confounding reactions with other species besides that which they are intended to quench, this disagreement requires improvement of model structure.    This multiple-regression model is the first development of a model to predict the exogenous inactivation rate of viruses in wastewater or natural waters under solar irradiation that explicitly incorporates RS parameters. It is, however, specific to the MS2 system, although a similar approach may be followed for the HRV and PRV systems. Future work includes validation with a complete second data set. 
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CHAPTER 5 
 
DISCUSSION 
 
5.1 RS measurement interferences evoke the need for improved methods  There are limitations in the detection methods of the RS hydroxyl radical and triplet-excited DOM commonly employed in inactivation experiments. Phenol was used as a chemical probe in all studies since phenol reacts with hydroxyl radical, therefore, tracking the decay of phenol in solution would indicate the presence of hydroxyl radical. However, triplet excited DOM states have also been determined to react with phenol. Canonica et al. (39) showed that triplet-excited DOM species exhibit strong reaction kinetics with phenols. In fact, many other aquatic photochemistry experiments have used phenol as a probe for triplet excited states of DOM (39; 40). Therefore presence of triplet-excited DOM would disturb the phenol probe measurements for hydroxyl radical. Carbonate radicals also react with phenol (41) and are found in wastewaters (42; 41) thus may interfere with hydroxyl radical measurements using phenol as a decay probe. Therefore the reported hydroxyl radical concentrations are likely overestimates. The true phenol decay rate equation in a system with hydroxyl radical and triplet-excited DOM may be:  
                            kphenol = kq[OH] + k3DOM,phenol[3DOM]                        (20)  where the first term on the right side is the rate equation between phenol and hydroxyl radical used in the common method (kq = 1.4*1010M-1s-1 (43)), and the second term on the right side of the equation represents decay of phenol by triplet-excited DOM species. Since sorbic acid measurements show that triplet-excited DOM is present in the wastewater samples studied, only in the case that the reaction rate between triplet-excited DOM and phenol k3DOM,phenol is small will the reported hydroxyl radical concentrations be accurate. Overestimates of hydroxyl radical concentration would lead to a larger than true coefficient a in the model eq. 18 in Section 4.3, and indeed the coefficient was a large positive value relative to the singlet oxygen coefficient (163 to 1). Alternative hydroxyl radical measurements may be necessary to quantitatively elucidate the contribution of hydroxyl radicals to inactivation.   Sorbic acid was used as a probe for triplet-excited DOM but may yield inaccurate concentration values. This method relies on an energy transfer from triplet-excited DOM to sorbic acid to change the configuration of sorbic acid, thus only triplet-excited DOM with the minimum or more energy required for the configuration change will be detected (44). This means that reported triplet-excited DOM concentrations may be underestimates of triplet-excited DOM concentration. To help elucidate the role of triplet-excited DOM, TMP probe has been used, but there is no rate constant of TMP decay by triplet-excited DOM to compute a steady-state concentration of the latter. Furthermore, TMP is also decayed by reactions with singlet oxygen and hydroxyl radical (31), so while it is qualitatively indicative of triplet-excited DOM inactivation, TMP cannot be used to quantify the contribution to inactivation by triplet states.    
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 A more rigorous approach for estimating the concentration of all RS is necessary for accurately calibrating a predictive model of inactivation. One approach may be to develop a system of probe-RS reaction rate equations that includes equations for several probes (e.g. using both phenol and benzoic acid as a probe for hydroxyl radical, since benzoic acid selectively reacts with hydroxyl radical to produce phenol (45)), where each equation is of the same form as eq. 20. A simultaneous solution of such a system of equations could offer more accurate concentration estimates of radicals. This requires the knowledge of all reaction rates such as k3DOM,phenol which may require careful photochemical experiments and further investigation to identify and characterize particular triplet-excited DOM species. 
 
5.2 Irradiance measurement error amplified by wavelength sensitivity of RS production 
 RS predictions based on incident irradiance require accurate and consistent irradiance measurements, but this may not be the case. Nguyen et al. (19) observe that irradiance intensities near 300nm and less (UVA and UVB) are very low for sunlight and solar simulators, which means spectroradiometers may be inaccurately measuring the incident irradiance at these wavelengths. Increase in temperature of the instrument induced by the radiation may also cause false readings (19). This has implications for the accuracy of the singlet oxygen concentration predictions made in Section 4.2. In fact, any model using incident irradiance as an input to predicting the production of other RS such as hydroxyl radical and triplet-excited DOM is affected. The sensitivity of singlet oxygen production to light at wavelengths near 300nm, which is illustrated in Section 4.1, would lead to an amplification of error in incident irradiance values near 300nm, and this may prove true for other RS also. For the sake of improving model development, it may be useful to 1) conduct inactivation experiments using the same spectroradiometer and lamp for creating model calibration and validation data sets or 2) investigate new methods of measuring UV irradiance at low intensities. Improvements in irradiance measurements would allow for determination of true RS production efficiencies and elucidation of the associated sensitivities to irradiance intensity.  
5.3 Uncertainties in model calibration and structure and suggestions for improvement 
 There are, of course, uncertainties in the model presented in Section 4.3. There are quantitative uncertainties in the calibration data set, which affect the uncertainty of model prediction, and there is also model structure uncertainty, which is difficult to quantify, but it is important to be aware that the structure of the model eq. 18, may be too simple to capture the system mechanics. The allusions to model structure uncertainty are the complex interactions that the RS and their probes have in a dynamic system; these interactions are not necessary linear or disjoint but rather a system of relations where each parameter has multiple (possibly non-linear) dependencies.  A universal model structure will certainly require to have a water temperature parameter since it was found that inactivation rates for MS2 and HRV can double between 14°C and 42°C (20). The model presented in this thesis was calibrated with data of ~40°C water, so although it is useful to study the relative significance of different RS in the MS2 system, it can only be applied to systems at ~40°C. Therefore it cannot 
 29 
be validated by any of the other data sets included in this study, which maintained lower water temperatures.  Since WSP water temperatures can vary from 0°C to 30°C (46) and can even reach up to 40°C in the upper 30 cm of a water body (31), a useful model for full-scale WSPs must account for the influence of temperature on inactivation rate. Therefore, future developments of a virus inactivation model to aid WSP design and operations ought to include a scaling factor or some other explicit temperature dependence in a predictive model.  The assumption that DOM was not a limiting factor in RS production must be evaluated. It is stated that the steady-state concentration of singlet oxygen near the surface of a natural water body is directly proportional to the DOM concentration, although this proportionality can vary a significant amount between different water samples (34). Despite its variance, the correlation between DOM and singlet oxygen concentrations implies the possibility that DOM concentrations must be included to secure a universal singlet oxygen concentration production model. To this end, it is suggested to incorporate precise measurements of DOM into a study such as that of Kadir and Nelson (37) (used in Section 4.1) in order to provide experimental motivation for the incorporation of a DOM factor in a predictive model for exogenous virus inactivation. 
 
5.4 Future experiments of RS production are warranted 
 First, it is again noted that for the available studies of exogenous virus inactivation, there are inconsistencies in what measurements are made, as illustrated in Table 1. Due to the complexity and ambiguities of virus inactivation mechanisms in non-clear waters, it is necessary to perform meta-analyses of multiple studies to determine universal relations between the involved system parameters. For example, in order to compare MS2 studies it is necessary that all studies estimate the concentrations of all three RS known to inactivate MS2: singlet oxygen, hydroxyl radical, and triplet-excited DOM. Without all measurements, it is impossible to infer the relative contributions of each species to the observed inactivation rates. Thus, it is necessary for use in validation of a model that experiments report measurements of all known RS.  Second, experiments to investigate singlet oxygen and other RS production dependence on wavelength for different water samples are warranted. The analysis of singlet oxygen production dependence on wavelength clearly shows wavelength dependence at a tens-of-nanometers scale resolution within the UVA region (see Section 4.1). If production of singlet oxygen and other RS (namely hydroxyl radical and triplet-excited DOM) could be studied as a function of wavelength for different water samples, then the relative efficiencies of RS production by particular wavelengths could be determined. These relative efficiencies would allow for prediction of all three RS concentrations for a water sample given its absorbed photon flux spectrum. 
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CHAPTER 6 
 
CONCLUSION   Any model for predicting exogenous inactivation will require the incorporation of all RS known to inactivate a particular virus. This is because, for different water samples, the amount of each type of RS will differ and each will contribute to inactivation; estimating the inactivation rate from only one RS will under-predict inactivation. Many experimental studies show that each of the pathogens studies here, MS2, HRV, and PRV, are inactivated by several RS, either by correlation studies or by quenching studies; therefore, the relative contributions of each known radical to inactivation must be known for each pathogen for an accurate and universal predictive model. The current study supports this by demonstrating non-negligible roles of three RS, singlet oxygen, hydroxyl radical, and triplet-excited DOM in a simple MS2 inactivation model and HRV inactivation model.  To this end, it is recommended for experiments to be conducted that measure all known radical concentrations in order for its use in model calibration and validation. Such a complete meta-data set may allow for determining relative contributions of RS on the three viruses that are universal across any water sample. An obstacle to this experimental objective is that there are complications to measurement of RS. First, carbonate radicals and triplet-excited DOM both react with phenol, thus phenol is not an appropriate probe for quantifying hydroxyl. Second, the probing of triplet-excited DOM also poses obstacles; triplet-excited DOM is a nebulous RS and any quantification methods for it are selective for certain forms of triplet-excited DOM therefore all triplet-excited DOM which contribute to inactivation may not be accounted for in a given measurement. It may be useful if competing RS are also measured with other probes. A protocol to more accurately and exhaustively measure all RS concentrations is needed.  The multi-regression model presented in this thesis is a beta version that may require changes to its structure. There may be other factors that determine the relative contributions of each RS such as water turbidity and temperature and therefore must be included in a universal predictive model of exogenous virus inactivation. Consider for example, the possibility that each RS performs differently at varying temperature. In this case, the relative contributions of each RS may be a function of temperature. Therefore, experiments that maintain as much consistency in environmental conditions will first be necessary for model development. In the future, these confounding factors may be systematically varied in order to determine their influence on the exogenous inactivation of viruses, and then explicitly integrated into a predictive model. Model structure uncertainty is to be embraced and used as motivation for further model development investigations. 
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CHAPTER 7 
 
ENGINEERING SIGNIFICANCE  
7.1 Implications for WSP design: depth and mixing 
 For a full-scale WSP, the depth at which a given unit of water volume is retained partly governs the photochemical dynamics to which it is exposed. The pond surface can contain more DO than the pond bottom because photosynthetic algae grow near the surface of the pond due to high exposure to sunlight and release oxygen as a metabolic byproduct. One study found that the average DO concentration at the surface is about 4mg/L (27) although this value can vary a great deal; in the United States, DO concentrations of ~8mg/L are considered as the expected maximum value (3). As mentioned previously, DO was found not to be a limiting factor for MS2 inactivation from 1mg/L to 14mg/L, but since DO concentrations can be as small as <0.2mg/L at the bottom of ponds (3), it is possible that DO limits singlet oxygen production at certain pond depths. In addition to availability of reagents, RS production may be limited by depth due to the excitation lifetime of RS. The lifetime of the key RS in virus inactivation are all brief: hydroxyl radical lifetime is 10-10 seconds (47), triplet-excited DOM have been found to have a lifetime of 2*10-6 seconds (35), and singlet oxygen lifetime has been found to be between 5*10-6 and 10 *10-6 seconds (48). This means RS will only be found where it is first produced, that is, where UV radiation penetrates the water. Figure 17 illustrates the depth profile of absorbed irradiance and the associated singlet oxygen concentration for the 0.2µm filtered SWUS WSP samples. (The MATLAB script written to compute this depth profile can be found in the Appendix A.2, Script 5.) The 85% light attenuation depth is ~2 m, and the depth at which singlet oxygen concentrations are at 1% of the surface concentration is ~1.3 m. This means that by depth ~2 m below the surface, there will be little virus inactivation occurring. These depth profiles, however, are for filtered samples. Unfiltered samples such as real wastewater or natural water will have a shallower 85% attenuation depth due to higher turbidity. For example, Silverman et al. (38) found for their unfiltered lagoon samples (ML and CT) to have a 99% attenuation depth of ~35 cm for 300 nm light implying that in these bodies of water, inactivation will be occurring only in the top 0.3 m of the water column. In summary, the depth dependence of RS concentration induces depth dependence of virus inactivation.    
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Figure 17 – Depth-cumulative absorbed irradiance and singlet oxygen concentration from depth 0 cm to 200 cm for 0.2µm filtered SWUS WSP influent sample. Green vertical lines indicate 85% light attenuation and 85% drop in singlet oxygen concentration. The depth profile indicates most exogenous inactivation activity will be in the first 150 cm without turbidity.    The implications of this near-surface requirement for virus inactivation are that either WSPs must be designed to facilitate vertical mixing of waters, or that water flow must be contained in a shallow body for sufficient time before discharge. Due to temperature stratification, a common problem with WSP operation is short-circuiting of water such that cooler water near the bottom flows from the inlet to the outlet without disturbing the surface and thus spends less time in the pond resulting in a smaller than average HRT (49). Baffles and inlet design have been demonstrated to significantly influence the flow of the water in a pond (50), and thus may be appropriately used to ensure that all volume units of water spend adequate time in the pond system. However, it is still a challenge to ensure that all water spends enough time within the first meter of depth from the surface during sunlight hours. If a pond is designed to have an HRT of at least 24 hours, the water will be exposed to one cycle of sunlight. If an added pond feature such as a shallow bed near the outlet pipe forced water exposure to 1m or less depth, then it may be possible to ensure adequate exposure to sunlight for virus inactivation to occur. With computational fluid dynamics (CFD) models 
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available for application to pond hydraulics (51), it is possible to predict the shallow water exposure duration of pond water with any new designs for virus inactivation. In this manner, altering the decision variables of depth, baffles, and inlet design together with monitoring of mixing can lead to better WSP design for virus removal. Any redesign of traditional WSPs must, however, consider tradeoffs. While shallower ponds may ensure virus removal, they would require a larger land footprint (52) and likely a greater cost. These tradeoffs would reduce the number of communities a WSP could serve to those that can afford the cost and land of redesigned WSP systems.  
7.2 Environmental variability influences modeling for WSP design  Environmental variability of conditions influencing virus removal may outweigh any uncertainty in inactivation rate predictions. Several factors assumed to be constant in model development are variable in practice. For example, water surface exposure to sunlight may vary significantly due to time of day or to cloud cover, and this could affect both the intensity of incident irradiation and amount of DO significantly (3). It has been found by irradiance forecasting models that cloud cover is a dominating factor in surface irradiance over the variability in solar irradiance (53) and indeed has significant effects on UV-B range light (54). Atmospheric aerosols and ozone also significantly affect surface UV-irradiance intensities (55). This variability in sunlight exposure will create temporal variability in temperature, incident irradiance, and thus in RS production. Furthermore, the turbidity of water and NOM concentration are dynamic parameters in WSPs, both of which may significantly affect RS production, the former by attenuating irradiance and the latter by acting as a limiting reagent in RS production. With all of these dynamic factors that can vary on the order of minutes, the uncertainty in environmental factors that influence virus inactivation may be so great as to dominate over any uncertainties in inactivation prediction models. There exist spatial-temporal models for forecasting solar irradiance (56), and it may be necessary to incorporate such a model into a virus inactivation predictive model to develop a time-dynamic tool for aiding WSP operation decisions. All the variability in environmental conditions that influence virus inactivation must be weighed against the uncertainty in inactivation rate predictions. It is possible that the factors of safety included in a WSP design due to the environmental variability will suppress any factor of safety required by the uncertainty in inactivation rate prediction.  In general, the development of a predictive model for virus inactivation in wastewater must consider its influence on ultimate WSP engineering objectives of wastewater treatment for virus removal.         
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APPENDIX  
A.1 Additional Figures  
 
Figure 18 – E. coli exogenous inactivation efficiency by wavelength as determined by analysis of Kadir and Nelson data (37). More inactivation occurs per absorbed photon flux for smaller wavelengths in the UVA range.                 
 38 
A.2 MATLAB scripts  
 
  
Script 1 – MATLAB FindKnorm.m function written to calculate parameter K in eq. 9.  
 39 
  
Script 2 – MATLAB function Find_Irradiance_Absorbed.m written to calculate absorbed irradiance as described in Section 3.3.      
 40 
  
Script 3 – MATLAB function ndot_calc.m used to compute absorbed photon flux, described in Section 3.3.  
 41 
  
Script 4 – MATLAB script used to compute the kMS2,exo prediction distributions in Figure 15. 
 42 
  
Script 5 – MATLAB function DepthDependence.m written to compute the depth profile in Figure 16.                
